-Clinical evidence links the inhibition of VEGF to hypertension. However, the mechanisms by which VEGF affects the pathogenesis of hypertension remain in question. We determined 1) whether administration of VEGF receptor inhibitor SU5416 enhances dietary salt-induced hypertension in Sprague-Dawley (SD) rats, and 2) whether VEGF or SU5416 directly affects proliferation of cultured human renal proximal tubular epithelial cells (HRPTEC) and endothelial nitric oxide synthase (eNOS) expression in cultured human glomerular microvessel endothelial cells (HGMEC). Ten 10-wk-old male SD rats received a high sodium diet (HS; 8%) and the other 10 SD rats received a normal sodium diet (NS; 0.5%) for 4 wks. After 2 wks of the dietary program, five rats were administered with SU5416 at 10 mg⅐kg Ϫ1 ⅐day
SU5416 directly affects proliferation of cultured human renal proximal tubular epithelial cells (HRPTEC) and endothelial nitric oxide synthase (eNOS) expression in cultured human glomerular microvessel endothelial cells (HGMEC). Ten 10-wk-old male SD rats received a high sodium diet (HS; 8%) and the other 10 SD rats received a normal sodium diet (NS; 0.5%) for 4 wks. After 2 wks of the dietary program, five rats were administered with SU5416 at 10 mg⅐kg Ϫ1 ⅐day
Ϫ1
ip or DMSO (vehicle) for 14 days in HS and NS groups. Mean arterial pressure was significantly higher in rats treated with SU5416, as opposed to those treated with DMSO and fed with HS for 4 wk (157.6 Ϯ 3.9 vs. 125.9 Ϯ 4.3 mmHg, P Ͻ 0.01). Increased proteinuria and albuminuria were associated with marked renal histological abnormalities in HS group with SU5416 administration, compared with those in the vehicle HS group. 3H-thymidine incorporation assay showed that SU5416 blocked the actions of both exogenous and endogenous VEGF on the proliferation of HRPTEC. VEGF (10 ng/ml) significantly increased eNOS protein levels by 29% in cultured HGMEC, but its action was completely abolished by SU5416. These results suggest that VEGF receptor inhibition enhances dietary saltinduced hypertension and kidney injury, possibly by direct damage on renal cells and decreasing NO production by eNOS.
VEGF; SU5416; high-salt diet; renal injury; renal proximal tubular epithelial cells; glomerular microvessel endothelial cells; eNOS CLINICAL EVIDENCE IS EMERGING as the inhibition of VEGF is being linked to hypertension. Significantly increased levels of circulating soluble fms-like tyrosine kinase-1 (sFlt-1), an endogenous VEGF inhibitor, contribute to hypertension in patients with preeclampsia (17, 24) . Hypertension and proteinurina were the common adverse effects in patients with lung cancer who were treated with anti-VEGF antibody (22) . In clinical trials of ZD6474, an inhibitor of VEGF receptors, 24% of the cancer patients developed hypertension (11) . Five cases of new onset hypertension emerged from among 25 multiple myeloma patients who received SU5416, an inhibitor of VEGF receptors (35) . Shortly after the therapy their hypertension reversed completely. Small-molecule inhibitors of VEGF signaling (PTK787 and SU11248) were associated with similar proportions of patients who developed hypertension during the therapy (5, 28) . However, there is no study available for examining whether administration of VEGF inhibitor causes hypertension and renal injury in an animal model. The mechanisms underlying VEGF inhibition-induced hypertension are unclear.
VEGF is a key regulator of angiogenesis in both physiological and pathological conditions (21) . It has been shown to regulate vascular permeability, endothelial cell migration, proliferation, survival, and nitric oxide (NO) availability (21) . The dysregulation of the VEGF signaling system has been identified in a wide variety of renal diseases such as diabetic nephropathy, puromycin animonucleoside nephrosis, and glomerulo-nephritides (3, 12, 32) . Peritubular capillary loss, cortical tubular atrophy, and interstitial fibrosis are also correlated with the downregulation of VEGF in a mouse folic acid nephropathy model (34) . Treatment with VEGF showed the protective effects in animals with cyclosporine-mediated nephropathy or a remnant kidney (14 -15) . Homozygous deletion of VEGF-A in the glomeruli resulted in perinatal lethality, while heterozygous deletion of renal VEGF-A caused endstage kidney failure by 9 -12 wk of age in mice (1) . We have recently reported that a long-term (8 wk), high-salt (HS) diet induces renal injury and hypertension, which are associated with decreased renal VEGF expression in Sprague-Dawley (SD) rats (7) . These findings suggest that the role of VEGF in maintaining kidney structure and function is mediated by its actions on renal endothelial and renal tubular cells. Renal proximal tubular epithelial cells, glomerular microvascular endothelial cells, and endothelial NO synthase (eNOS) are very critical for normal kidney functions, such as salt retention and excretion. Based on the fact that the kidneys play a key role in long-term regulation of blood pressure and that VEGF is very critical in maintaining renal structure and function, we hypothesize that attenuated response to VEGF in the kidneys contributes to hypertension and renal injury.
The present study examines 1) whether administration of SU5416 enhances dietary salt-induced hypertension and renal injury in SD rats, 2) whether VEGF or SU5416 directly affects proliferation of cultured human renal proximal tubular epithelial cells (HRPTEC) compared with human umbilical vein endothelial cells (HUVEC) and human aortic smooth muscle cells (HASMC), and 3) whether VEGF or SU5416 directly affects the expression of eNOS in cultured human glomerular microvascular endothelial cells (HGMEC).
METHODS
Animal protocol and SU5416 administration. The protocols were carried out according to the guidelines for the care and use of laboratory animals implemented by the National Institutes of Health and the Guidelines of the Animal Welfare Act and were also approved by the University of Mississippi Medical Center's Institutional Animal Care and Use Committee. Male SD rats were received at 9 wk of age and were allowed to acclimate for 1 wk with standard rat diet (Teklad; Harlan Sprague-Dawley, Indianapolis, IN) and tap water before beginning the experiment. Rats were placed in a temperaturecontrolled room with a 12:12-h light-dark cycle. During the 4-wk experimental period, the normal sodium diet (NS) group (n ϭ 10) received an NS (0.5%) diet (Teklad; Harlan Sprague-Dawley) and the HS diet group (n ϭ 10) received an HS (8%) diet (Teklad; Harlan Sprague-Dawley). After 2 wks of the dietary program, five rats were administered with SU5416 at 10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ip (SU5416 dissolved in 100 l of DMSO) or DMSO (vehicle) for 14 days in the HS and NS groups, respectively. During the last week of the experimental period, the rats were placed in metabolic cages, and water intake and urinary volume output were measured daily. Twenty-four-hour urine samples were collected daily, and urine sodium concentration was determined by flame photometry. Urine protein concentration was determined using a protein assay kit (Bio-Rad Laboratories, Hercules, CA). Urine albumin concentration was measured using a Nephrat ELISA Kit (Exocell, Philadelphia, PA).
Measurements of blood pressure and heart rate. At the end of the experimental period, rats were anesthetized by isoflurane inhalation using a gas vaporizer (Harvard Apparatus, Holliston, MA). Using aseptic techniques, a micro-catheter was placed into the carotid artery and routed under the skin to the back of the neck and secured. Two days after recovering from the surgery, the catheter was connected to a PowerLab computerized monitoring system (AD Instruments, Castle Hill, Australia) to continuously record mean arterial pressure (MAP) and heart rate in the conscious rats 4 h/day for 2 days. The measurements of blood pressure and heart rate in each rat were made simultaneously, and all the values for each rat represented the average of the 4-h per day for 2 days of measurements. At the end of experiment, blood samples were collected through the catheters, and again the rats were anesthetized with isoflurane and the kidneys were removed for various analyses.
ELISA for VEGF, sFlt-1, and eNOS. Protein levels of VEGF and sFlt-1 in the plasma and urine of different groups of SD rats were determined using appropriate ELISA kits (R&D Systems, Minneapolis, MN) according the manufacturer's instructions. The total urinary protein excretion of VEGF or sFlt-1 was calculated by the concentration multiplied by the total volume over 24 h and expressed as nanograms per day. The protein levels of eNOS in cultured HGMEC were determined using an ELISA kit (R&D Systems) according the manufacturer's instructions, in the absence (vehicle control) and presence of VEGF (10 ng/ml) or VEGF plus SU5416 (10 mol/l) for 18 h. The total protein concentration of cultured HGMEC was determined using a protein assay (Bio-Rad Laboratories). The protein levels of eNOS were normalized and expressed as picograms per milligram total cellular protein.
Cell cultures and proliferation assay. The cell lines of HRPTEC, HUVEC, and HASMC were obtained from the American Type Culture Collection (Rockville, MD). The HGMEC were ordered from Angio-Proteomie (Boston, MA). The cells were seeded into T-75 flasks using M199 media (GIBCO) supplemented with 10% FBS (HyClone), 100 U/ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B, and incubated at 37°C in a humidified 5% CO2/air-injected atmosphere. When the monolayer reached ϳ80% confluence, the cells were washed with PBS and incubated with fresh M199 media with 10% FBS in the absence (vehicle control) and presence of VEGF (10 ng/ml), VEGF plus SU5416 (10 mol/l), or SU5416 (1, 5, 10, and 20 mol/l) for 18 h. 3H-thymidine incorporation assay was used to determine the cell proliferation during the last 6 h of incubation as previously described (6) .
Histological analysis by light microscopy. Mid-coronal sections of the left kidneys collected from the rats with NS-and HS-fed rats in the absence or presence of SU5416 administration were fixed in buffered formalin and embedded in paraffin for histological studies as previously described (8, 25) . Samples were cut into 3-m sections and stained with periodic acid-Schiff reagent (PAS), followed by hematoxylin counterstaining. All sections were analyzed by semiquantitative histological grading (0 ϭ absent, 1ϩ ϭ mild, 2ϩ ϭ moderate, and 3ϩ ϭ severe) for the severity of tubulointerstitial infiltration with inflammatory cells, focal segmental glomerulosclerosis, tubulointerstitial injury, and extracellular matrix expansion. The average glomerular area in the PAS-stained sections was determined from 30 to 40 glomeruli in each kidney on the computer screen using Image-Pro Plus Software (Media Cybernetics, Silver Spring, MD). In addition, the glomerulosclerosis index was determined in 20 microscope-fields per kidney, and lesions were graded as follows: grade 0, no changes; grade 1, lesion involving Ͻ 10%; grade 2, lesion affecting 10 -20%; and grade 3, lesion involving Ͼ 20% of the field, in which the glomerulosclerosis lesion also included the acute glomerular injury, such as fibrinoid necrosis in some glomeruli. The resulting index in each animal was expressed as mean value of all scores obtained. All injury parameters were assessed independently by two investigators in a blinded manner.
Statistical analyses. All determinations were performed in duplicated sets. Where indicated, data is presented as means Ϯ SE. Statistically significant differences in mean values between two groups were tested by an unpaired Student's t-test. ANOVA was used to analyze the differences between two groups with multiple comparisons. A value of P Ͻ 0.05 was considered statistically significant. All statistical calculations were performed using SPSS (Chicago, IL) software.
RESULTS
Effects of SU5416 administration on blood pressure and heart rate. Figure 1A demonstrates that 2 wk of SU5416 (VEGF receptor inhibitor) administration significantly increases MAP in conscious SD rats on an HS diet, compared with those treated with DMSO (vehicle) and fed with HS for 4 wks (157.6 Ϯ 3.9 vs. 125.9 Ϯ 4.3 mmHg, P Ͻ 0.01). There were no significant changes in MAP between SU5416 and DMSO-treated rats fed with NS diet (126.4 Ϯ 4.1 vs. 115.1 Ϯ 6.3 mmHg; P ϭ 0.213). In DMSO-treated rats, 4 wk of HS diet did not significantly increase MAP, compared with the rats fed with NS diet (125.9 Ϯ 4.3 vs. 115.1 Ϯ 6.3 mmHg; P ϭ 0.233). There was no significant difference in the heart rate between SU5416 and DMSO groups fed with an HS diet (482 Ϯ 32 vs. 495 Ϯ 61 beats/min; P ϭ 0.574). There was also no significant difference in the heart rate between SU5416 and DMSO groups fed with a NS diet (501 Ϯ 41 vs. 523 Ϯ 56 beats/min; P ϭ 0.612).
Effects of SU5416 administration on urine protein and albumin excretion. We also examined the effect of chronic administration of SU5416 on renal injury assessed by proteinuria and albuminuria. Figure 1B indicated that SU5416 treatment significantly increased the total urinary protein excretion in SD rats fed with HS, compared with the vehicle (DMSO) HS group (53.7 Ϯ 2.1 vs. 42.5 Ϯ 4.6 mg/day; P Ͻ 0.01). There was no significant difference in the total urinary protein excretion between SU5416 and DMSO groups fed with NS (35.5 Ϯ 3.1 vs. 30.5 Ϯ 3.6 mg/day; P Ͼ 0.05). In DMSO-treated animals, there was a marginal increase in the total urinary protein secretion in the HS group, compared with the NS group (42.5 Ϯ 4.6 vs. 30.5 Ϯ 3.6 mg/day; P Ͻ 0.05). Consistent with the total urinary protein, Fig. 1C showed that SU5416 treatment significantly increased albuminuria in SD rats fed with HS, compared with the vehicle HS group (31.8 Ϯ 3.1 vs. 24.1 Ϯ 2.2 mg/day; P Ͻ 0.01).
Effect of SU5416 administration on the pressure-natriuresis curve. Based on the measurements of urinary sodium output and MAP, we examined whether chronic administration of SU5416 impaired renal-pressure natriuresis. Figure 2 indicated that SU5416 caused a significant decrease in slope of the pressure-natriuresis mechanism, which was characterized by a significantly decreased slope and a slightly increased intercept of the pressure-natriuresis mechanism in SD rats (P Ͻ 0.01). The slope of the pressure-natriuresis mechanisms has been widely used as a measure of salt sensitivity. This suggests that VEGF inhibition may contribute to salt-sensitive hypertension in humans.
SU5416 administration increased total urinary excretion of sFlt-1 in SD rats on the HS diet. sFlt-1 is an endogenous VEGF inhibitor. Figure 3 indicated that SU5416 treatment significantly increased renal excretion of sFlt-1 in SD rats on the HS diet, compared with the DMSO (vehicle)-treated animals fed with HS (6.57 Ϯ 1.19 vs. 2.76 Ϯ 0.49 ng/day; P Ͻ 0.01). There was no significant difference in renal excretion of sFlt-1 between SU5416-and DMSO-treated animals fed with NS (0.92 Ϯ 0.31 vs. 0.64 Ϯ 0.19 ng/day; P Ͼ 0.05). In the vehicle (DMSO) groups, an HS diet also significantly increased renal excretion of sFlt-1, compared with those with an NS diet (2.76 Ϯ 0.49 vs. 0.64 Ϯ 0.19 ng/day; P Ͻ 0.01). ELISA indicated that there were no significant changes in urinary excretion of VEGF between HS and NS groups (1.42 Ϯ 0.26 vs. 1.45 Ϯ 0.29 ng/day; P Ͼ 0.05) and that SU5416 administration did not change urinary excretion of VEGF in both groups fed with NS and HS, respectively. There were no significant changes in plasma levels of VEGF (6.9 Ϯ 2.4 pg/ml) and sFlt-1 (710 Ϯ 47 pg/ml) in SD rats among the four groups.
Renal histological changes due to SU5416. Histological analysis by light microscopy of PAS-stained sections of the kidneys showed that there were no marked renal abnormalities in SD rats with NS diet in the absence or presence of SU5416 Fig. 2 . SU5416 caused a right shift and rotation of the pressure-natriuresis curve in SD rats (n ϭ 5, P Ͻ 0.01), which was characterized by a significantly decreased slope and a slightly increased intercept of the pressure-natriuresis mechanism. This suggests that VEGF inhibition may cause salt-sensitive hypertension in humans. administration or SD rats with 4 wk of HS diet in absence of SU5416 administration (Figs. 4A) . In contrast (4B), SD rats with 4 wk of HS diet in the presence of SU5416 administration developed moderate glomerulosclerosis, extracellular matrix expansion, tubulointerstitial injury, and tubulointerstitial infiltration with inflammatory cells. Fibrinoid necrosis in some glomeruli were also observed in HS group with SU5416 (Fig. 4B) . The statistical analysis also indicated that the glomerulosclerosis index was significantly increased in the HS group with SU5416 administration, compared with the HS group without SU5416 administration (1.69 Ϯ 0.08 vs. 0.83 Ϯ 0.07 mean grade scores; n ϭ 5; P Ͻ 0.01). The average glomerular area in the PAS-stained sections was increased by 33% in the HS group with SU5416 administration, compared with the HS group without SU5416 administration (22, ; n ϭ 5; P Ͻ 0.01). The increased glomerular area in the HS group with SU5416 administration indicated that glomerular hypertrophy, hyperfiltration, and volume increased. These renal pathological changes further demonstrated that VEGF receptor inhibition caused kidney injury in SD rats with 4 wk of an HS diet.
Effects of VEGF or VEGF plus SU5416 on proliferation of HRPTEC, HUVEC, and HASMC.
A 3H-thymidine incorporation assay indicated that VEGF (10 ng/ml) slightly but significantly increased the proliferation of cultured HRPTEC (Fig. 5A) , compared with the control group (64,076 Ϯ 629 vs. 58,454 Ϯ 1,132 cpm/well; P ϭ 0.012). There was a significant decrease by 65% in the proliferation of HRPTEC treated with VEGF plus SU5416 (10 mol/l), compared with the control (P Ͻ 0.01). Clearly, SU5416 blocked the actions of both exogenous and endogenous VEGF on the proliferation of HRPTEC. We also found that SU5416 at 1, 5, 10, or 20 mol/l caused a dose-related inhibition on the proliferation of HRPTEC, by 25, 47, 60, and 58%, respectively. As shown, 20 mol/l of SU5416 did not further inhibit the proliferation of HRPTEC, and this might suggest that other signaling systems are involved in the regulation of HRPTEC proliferation. In Fig. 5B , VEGF caused a twofold increase in the proliferation of HUVEC, compared with the control (P Ͻ 0.01), but its action was completely abolished by SU5416 (10 mol/l). As shown in Fig. 5C , neither VEGF (10 ng/ml) nor SU5416 (10 mol/l) exerted any effect on the proliferation of cultured HASMC that did not express VEGF receptors. In addition, in the absence of VEGF (10 ng/ml) in the media, SU5416 (10 mol/l) caused a 47% decrease in the proliferation of HRPTEC (P Ͻ 0.01), a 15% decrease in the proliferation of HUVEC (P Ͻ 0.05), and no significant changes in the proliferation of HASMC (P Ͼ 0.05), compared with the control group, respectively.
Effects of VEGF or VEGF plus SU5416 on eNOS expression in cultured HGMEC. The expression of eNOS in cultured HGMEC was determined by ELISA in the presence and absence of VEGF and VEGF receptor inhibitor, SU5416. Figure 6 indicated that VEGF (10 ng/ml) significantly increased eNOS proteins expression by 29% in cultured HGMEC, compared with the control (P Ͻ 0.01). There was a significant decrease by 28% in eNOS expression of HGMEC treated with VEGF plus SU5416 (10 mol/l), compared with the control (P Ͻ 0.01).
DISCUSSION
Clinical evidence links the inhibition of VEGF to hypertension. However, the role of VEGF in the pathogenesis of hypertension remains in question. We have recently reported that a long-term (8 wk) HS diet induces renal injury and hypertension, which are associated with decreased renal VEGF expression in SD rats (7) . The major finding in this study is that chronic VEGF inhibition (SU5416) enhances dietary salt-induced hypertension, increases renal injury manifested by proteinuria, albuminuria, and renal histological abnormalities, and causes a significant decrease in slope of the pressure-natriuresis mechanism, which was characterized by a significantly decreased slope and a slightly increased intercept of the pressurenatriuresis mechanism in SD rats. The renal histological abnormalities include increased glomerular area, moderate glomeruloslcerosis, extracellular matrix expansion, tubulointerstitial injury, and tubulointerstial infiltration with inflammatory cells. Also, the cell culture studies have demonstrated that VEGF Fig. 4 . Representative pathological changes in the kidneys of SD rats with 4-wk HS diet in the absence (A) and presence of SU5416 administration (B). Kidneys were removed after 4 wk of the dietary program. Periodic acid-Schiff reagent (PAS) stain was used. A: normal glomeruli, arterioles, and tubules. B: glomerulosclerosis, tubulointerstitial injury, inflammatory cells infiltration, extracellular matrix expansion, and increased glomerular area. Fibrinoid necrosis in some glomeruli were also observed in the HS group with SU5416 (B). Statistical analysis also indicated that the glomerulosclerosis index was significantly increased in the HS group with SU5416 administration, compared with the HS group without SU5416 administration (1.69 Ϯ 0.08 vs. 0.83 Ϯ 0.07 mean grade scores; n ϭ 5; P Ͻ 0.01). Magnification, ϫ100.
receptor inhibitor, SU5416, significantly reduces proliferation of renal proximal tubular epithelial cells and decreases eNOS expression in glomerular microvessel endothelial cells. These in vivo and in vitro findings support the hypothesis that attenuated response to VEGF in the kidneys contributes to HS-induced hypertension and renal injury.
Mounting evidence suggests that VEGF exerts a very important and unique role in maintaining renal structure and functions. VEGF binds two related receptors, Flt-1 and KDR/ Flk-1 (4, 23) , and both are expressed in glomerular and peritubular endothelial cells (23) . Recently, Flt-1 and/or Flk-1 have been shown to be expressed in mesangial cells, podocyte cells, and renal tubular epithelial cells (20, 29, 31) . Yuan et al. (34) have showed that the peritubular capillary loss resulting after mouse acute nephrotoxicity is correlated with the downregulation of VEGF and hypoxia-inducible factor-1␣. VEGF was required for podocyte and mesangial cell survival (20, 31) . More recently, Eremina et al. (2) demonstrated that a striking loss of mesangial cells occurred in postnatal mice that carry one hypomorphic VEGF-A allele and one podocyte-specific null VEGF-A allele. The role of VEGF in the kidneys is unlike that of any other organ. In addition to maintaining the functions and structure of endothelial cells, VEGF also exerts autocrine and paracrine actions for regulating the functions and structure of other renal cells such as podocytes, mesangial cells, and renal tubular epithelial cells. In the present study, 4 wk of HS diet did not increase blood pressure in SD rats, but chronic administration of SU5416 caused a significant increase in the MAP of SD rats fed with HS. SU5416 administration also caused renal injury supported by the evidence of a significant increase in proteinuria, albuminuria, renal histological abnormalities, and a rightward shift and rotation of the pressurenatriuresis curve due to VEGF receptor inhibition in SD rats. Thus, we believe that SU5416-induced hypertension in SD rats on an HS diet is due to the alteration of renal function and structure by VEGF receptor inhibition. However, further studies are needed to understand the molecular mechanisms underlying the role of VEGF in the renal mechanisms of hypertension.
The renal proximal tubules play a major role in maintaining renal function and hemodynamics because Ͻ 65% of the filtered load of sodium and water are reabsorbed by the proximal tubules, controlling salt delivery to the distal nephron, which is critical for tubuloglomerular feedback autoregulation and for fine control of salt excretion in the distal nephron. Tubular epithelial cells have the potential ability for repair after ischemic or toxic injury. When injured, cells undergo necrosis and/or apoptosis, the noninjured cells proliferate actively so that the integrity of tubules can be maintained, and renal function can be recovered (30, 33) . Villegas et al. (31) reported that VEGF stimulated proliferation of rat proximal tubular cells in an autocrine manner. In the present study, we examined whether VEGF or SU5416 directly affects proliferation of cultured HRPTEC, compared with HUVEC and HASMC. We found that VEGF slightly but significantly increased prolifer- . VEGF (10 ng/ml) slightly, but significantly, increased proliferation of cultured HRPTEC (A), compared with the control group (64,076 Ϯ 629 vs. 58,454 Ϯ 1,132 cpm/well; n ϭ 10; P ϭ 0.012). There was a significant decrease by 65% in the proliferation of HRPTEC treated with VEGF ϩ SU5416 (10 mol/l) compared with the control (P Ͻ 0.01). VEGF caused a twofold increase in the proliferation of HUVEC, compared with the control (P Ͻ 0.01), but its action was completely abolished by SU5416 (B). B: neither VEGF nor SU5416 exerted any effect on the proliferation of cultured HASMC (C). ation of cultured HRPTEC, but there was a significant decrease in the proliferation of HRPTEC treated with VEGF plus SU5416, compared with the control. VEGF caused a twofold increase in the proliferation of HUVEC, compared with the control, but its action was completely abolished by SU5416. Neither VEGF nor SU5416 exerted any effect on the proliferation of cultured HASMC. These results suggest autocrine and paracrine functions of VEGF on renal tubular epithelial cells. The inhibition of proliferation of HRPTEC by SU5416 may contribute to renal injury. These findings are consistent with a recent report that the expression of VEGF in renal tubules is positively correlated with tubule regeneration in patients with acute tubular necrosis (33) . However, further studies are necessary to determine whether a VEGF receptor inhibitor directly causes renal tubular epithelial cell injury by inhibiting proliferation and stimulating apoptosis by using an animal model.
We also speculate that other mechanisms related to VEGF receptor inhibition on renal tubular epithelial cells and vascular endothelial cells may contribute to hypertension caused by VEGF inhibition. Nitric oxide (NO), known as a renal vasodilator and a natriuretic agent, plays an important role in the kidneys to regulate renal hemodynamics and sodium retention (18 -19) . NO is synthesized endogenously from the amino acid L-arginine by the actions of the enzymes, NO synthases (NOS; 10, 16). It has been found that administration of VEGF increases renal endothelial NOS (eNOS) expression and stabilizes renal function in a mouse remnant kidney model (15) . Recent studies show that an HS diet reduces renal eNOS activity and expression in Dahl salt-sensitive rats (36) and SD rats (27) . We have recently reported that a long-term (8 wk) HS diet induces renal injury and hypertension, which are associated with decreased renal VEGF expression in SD rats (7) . In the present study, we have demonstrated that chronic administration of VEGF receptor inhibitor, SU5416 enhances saltinduced hypertension and renal injury in SD rats, and that SU5416 significantly reduces proliferation of renal proximal tubular epithelial cells and decreases eNOS expression in glomerular microvessel endothelial cells. These new findings further suggest that the inhibition of VEGF and eNOS in the kidneys may contribute to the mechanisms of salt-induced hypertension. However, this should be further tested using an animal model.
The soluble VEGF receptor-1 (sFlt-1) is known to inhibit VEGF activity by binding VEGF. In a different setting, preeclampsia is associated with elevated sFlt-1, endothelial cell dysfunction, and proteinuria. More recently, some studies demonstrated that the administration of sFlt1 induced proteinuria in rats (9, 26) . In this study, we have found that SU5416 treatment significantly increased renal excretion of sFlt-1 in SD rats on an HS diet, compared with the DMSO (vehicle)-treated animals fed with HS. An increase in renal excretion of sFlt-1 in SD rats induced by SU5416 may suggest that VEGF receptor blockade leads to a vicious cycle of VEGF inhibition. Hornig, et al. (13) showed that sFlt-1 was upregulated by hypoxia in cultured human placental villous cells. Thus, it is likely that the increased renal excretion of sFlt-1 in SD rats on an HS diet could be due to a renal injury caused by chronic administration of SU5416.
